temporaL changes in saLivary gLands of non-oBese diaBetic mice as a modeL for sjögren's syndrome Objective: Non-obese diabetic (NOD) mice develop an autoimmune exocrinopathy that shows similarities with Sjögren's syndrome. They provide an experimental model to study the pathoetiogenesis of this disease.
Materials and Methods: Salivary gland (SG) function and salivary sodium content were measured in 8-, 12-, 16-and 20-week-old NOD and age-matched CB6 mice. In NOD mice, SG expression of phenotypic cell markers, B cell-stimulating and costimulatory molecules were evaluated. Cytokine levels were measured in serum and SG homogenates.
Results: Microscopically evident SG inflammation in NOD mice was preceded by expression of intercellular adhesion molecule 1 on epithelial cells in the presence of macrophages and relatively high levels of cytokines. Next, an influx consisting of mainly T, B, natural killer, plasma and dendritic cells was seen. Most cytokines, except for interleukin (IL)-12/IL-23p40 and B cell-activating factor, decreased or remained stable over time, while glandular function deteriorated from 16 weeks of age onward compared with CB6 mice.
Conclusion: Sjögren's syndrome-like disease in NOD mice occurs in multiple stages; immunological and physiological abnormalities can be detected before focal inflammation appears and salivary output declines. Extrapolating this knowledge to human subjects could help in understanding the pathogenesis and aide the identification of potential therapeutic targets. Sjögren's syndrome (SS) is a chronic, systemic autoimmune disorder of unknown aetiology with a poorly understood pathogenesis. The disease is characterised by inflammation and dysfunction of secretory glands leading to ocular and oral dryness. There is currently no cure for SS and treatment options are mostly limited to palliation of symptoms 1 . Immune cells, such as macrophages, dendritic cells and lymphocytes and cytokines, immunoglobulins and autoantibodies are all thought to play a role in the disease development and progression. One of the hallmarks of SS is the presence of typical focal, periductal and perivascular lymphocytic infiltrates in the secretory glands. In human salivary glands (SGs), T cells initially outnumber B cells in small inflammatory aggregates, but in more severe lesions, the B to T cell ratio is increased [2] [3] . Eventually, focal infiltrates may organise into germinal centre-like formations, which is regarded as an intermediate state that could lead to the potentially lethal development of B cell lymphomas (reviewed in 4 ). In addition, the infiltration of certain types of inflammatory cells is associated with several clinical features, including systemic disease manifestations, such as C4 hypocomplementaemia, cryoglobulinaemia and purpura 3, [5] [6] [7] . Most patients are not diagnosed until a relatively late disease stage, when many glandular changes have already occurred, and disease parameters are often not followed longitudinally. Therefore, only limited data regarding the early stages and subsequent progression is available, making it difficult to discern the mechanisms of the disease and to develop appropriate treatment. The non-obese diabetic (NOD) mouse could provide more insight; NOD mice spontaneously develop an inflammatory syndrome affecting the exocrine glands, which shows many histological parallels with its human counterpart (reviewed in 8 ), coinciding with a progressive impairment of secretory function (reviewed in 9 ). Female (more so than male) NOD mice develop focal infiltrates in the SGs typically between 8 and 12 weeks of age and SG output declines between 12 and 24 weeks [10] [11] [12] . The loss of salivary flow was associated with changes in cytokine levels in serum and saliva and to a lesser degree with the glandular influx of lymphocytes in NOD mice followed up to 24 weeks 12 . In studies on SS-like disease in NOD mice, salivary sodium content, or SG cytokines, B cell-stimulating factors and co-stimulatory molecules were not assessed.
In this descriptive study, we examined the NOD mouse and followed several pathological and physiological processes during disease development, starting at a preclinical phase, and continuing up to late-stage inflammation and secretory dysfunction. The salivary flow rate (SFR) and salivary levels of sodium, expression of cytokines in SGs and serum, and additional local inflammatory biomarkers were assessed. Translating this knowledge to SS will help to unravel its pathogenesis and could potentially lead to identification of novel therapeutic targets.
materiaL and methods mice
Female NOD (001976 NOD/ShiLtJ; Jackson Laboratories, ME, USA) and female CB6 mice (CB6F1/Cr, BALB/CAnNCr_ x C57BL/6NCr_; National Cancer Institute Mouse Repository, Frederick, MD, USA) were obtained at 6 weeks of age and housed under specific pathogen-free conditions in our animal facility. Animal studies were approved by the National Institute of Dental and Craniofacial Research (NIDCR) Animal Care and Use Committee and the National Institutes of Health (NIH) Biosafety Committee. All procedures were conducted in compliance with the NIH guidelines on the use of animals in research. Strains were housed separately with a maximum of five mice per cage on a 12-hour light/12-hour dark cycle and had access to food and water ad libitum. Blood glucose levels of NOD mice were measured weekly, starting at 12 weeks of age, using a OneTouch monitor (LifeScan, Milpitas, CA, USA). A subcutaneous injection of long-acting Humalin N (1 U/mouse, every 24 hours; Eli Lilly, Indianapolis, IN, USA) was administered to mice with blood glucose levels ≥250 mg/dL to treat hyperglycaemia and related dehydration. In our facility, the incidence of diabetes is normally 50-70% by 20 weeks of age using this cut-off value.
saliva collection and assessment of sodium concentration
Five days prior to sacrificing, whole stimulated saliva of NOD mice was collected, as previously described 10, 13 . For CB6 mice, saliva was collected at the same age as NOD mice. Briefly, mild anaesthesia was induced with ketamine (100 mg/mL, 1 mL/kg body weight; Fort Dodge Animal Health, Fort Dodge, IA, USA) and xylazine (20 mg/mL, 0.7 mL/kg body weight; Phoenix Scientific, St. Joseph, MO, USA) solution given intramuscularly, and saliva secretion was stimulated by a subcutaneous injection of pilocarpine (0.5 mg/kg; Sigma-Aldrich, St. Louis, MO, USA). Next, whole saliva was collected from the oral cavity for 20 minutes with a haematocrit tube (Drummond Scientific Company, Broomall, PA, USA) placed in a pre-weighed 0.5 mL microcentrifuge tube and volume was determined gravimetrically. Saliva was stored at -80ºC until analysis. Saliva samples were diluted 1,000 times in a solution containing 5 g/L CsCl and sodium concentrations were measured by atomic absorption spectrometry using a K-Na lamp (AAnalyst 200 Atomic Absorption spectrophotometer; PerkinElmer, Waltham, MA, USA). Calibrations for sodium were performed by linear regression analysis using 1, 2 and 3 ppm (mg/L) as standards.
histological assessment of salivary gland inflammation NOD mice were sacrificed at 8, 12, 16 and 20 weeks of age and the submandibular SGs were removed, cleaned of any adjacent (possibly lymphoid) tissue and cut in three cross-sectional parts. The first part was collected in formalin, embedded in paraffin and cut in 5 µm sections. Three sections (each 50 µm apart from the previous) were mounted on glass slides and stained with haematoxylin and eosin. The number of foci (where one focus is defined as an aggregate of ≥50 infiltrated cells per 4 mm 2 14 ) on each section was counted blindly by two different examiners, and the mean focus score (FS) was determined.
immunohistochemical analysis of salivary gland tissue
The second submandibular SG part was emerged in Tissue-Tek optimal-cutting temperature (OCT) compound (Miles, Elkhart, IN, USA) and quickly frozen on dry ice. Sections (7 µm) were cut with a cryostat, mounted on glass slides and stored at -80ºC until further use. For staining, frozen sections were thawed and fixated in acetone for 10 minutes, except for anti-BAFF (B cell-activating factor belonging to the tumour necrosis factor [TNF] family) that was used on formalin-fixed, paraffin-embedded tissue, which had undergone heat-induced antigen retrieval in a citrate buffer (pH 6.0) after deparaffinisation with xylene and alcohol. Endogenous peroxidase was blocked, slides were washed in phosphate-buffered saline (PBS), and further blocked with 1% bovine serum albumin (BSA) and 10% normal goat serum (NGS; Dako, Glostrup, Denmark) in PBS overnight. The next day, slides were incubated with primary antibodies in 1% PBS and 5% NGS at room temperature for 1 hour. Monoclonal primary antibodies used were anti-CD4 (clone L3T4, eBioscience, San Diego, CA, USA) to detect T helper (Th) 1 and 2 cells; anti-CD8 (clone 53-6.7, eBioscience) for cytotoxic T cells; anti-CD11c (clone N418, Abcam, Cambridge, MA, USA) for plasmacytoid dendritic cells; anti-CD19 (clone 1D3, BD Biosciences, Franklin Lakes, NJ, USA) for B cells; anti-CD138 (clone 281-2, BD Biosciences) for plasma cells; anti-IgD (clone 11-26c [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] , eBioscience) for mature, non-switched, peripheral B cells; anti-CD68 (clone FA11, Abcam) for monocytes/ macrophages; anti-CD49b (BD Biosciences) for natural killer (NK) cells; and anti-CD40 (clone 3/23, BD Biosciences) and anti-ICAM-1 (intercellular adhesion molecule 1; clone YN 1/1.7.4, Abcam) for cell adhesion and co-stimulatory molecules. Anti-BAFF (clone buffy-2, Enzo Life Sciences, Farmingdale, NY, USA) antibody was used to detect the cellular B cell-stimulating factor BAFF. For anti-Foxp3 antibody (clone FJK-16s, eBioscience), to detect T regulatory cells (Tregs) in the SG tissue, a 1:50 dilution and an additional amplification step with biotin-labelled tyramide (PerkinElmer) followed by streptavidin-labelled horse-radish peroxidase (HRP; PerkinElmer) was performed. All primary antibodies used were of the rat IgG class of immunoglobulins, except for anti-CD11c and anti-CD49b (hamster IgG), and anti-BAFF (rat IgM) antibodies, and used at a 1:100 dilution, except for anti-CD3 (1:200), anti-CD4 (1:250) and anti-CD138 (1:50). Staining was visualised with HRP-labelled goat anti-rat secondary antibody (Southern Biotechnology, Birmingham, AL, USA) or, for anti-CD11c antibody only, goat anti-hamster secondary antibody (Jackson ImmunoResearch, Suffolk, UK) in a 1:100 dilution, and developed with aminoethylcarbazole (AEC) substrate (Dako). To be able to analyse SGs before focal inflammation had appeared, five 8-week-old mice without an FS were analysed in more detail. From week 12, when all mice showed inflammatory aggregation, five randomly selected mice were assessed. For control sections, immunoglobulin class-and species-matched control antibodies instead of the primary antibody were used.
For all markers, images of foci and adjacent tissue of in total 18 high-power fields were assessed using the Qwin digital image analysis system (Leica, Cambridge, UK), as previously described 15 . For Foxp3, only staining in foci was examined, since amplification with tyramide resulted in nonspecific staining of surrounding epithelial tissue. For BAFF, CD40 and ICAM-1, the staining for foci and tissue were digitally separated after which they were analysed. Staining was expressed as internal optical density (IOD)/mm 2 , an arbitrary unit representing the intensity of staining per mm 2 16 .
preparation of salivary gland tissue homogenates
The third submandibular SG part was snap-frozen on dry ice and stored at -80ºC until further use. Prior to homogenisation, samples were thawed and kept on ice. Samples were crushed, placed in 2 mL tubes containing 1 mL HEPES lysis buffer (20 mM HEPES, 0.5 M NaCl, 0.25% Triton X-100 and 1 mM EDTA) and complete protease inhibitor (Roche, Mannheim, Germany), and lysed by shaking at 4ºC overnight. The next day, samples were centrifuged at 1,500 x g at 4ºC for 10 minutes. Protein content of supernatants was measured using a bicinchoninic acid (BCA) protein detection kit (Pierce, Rockford, IL, USA) and stored at -80ºC until further use.
cytokine detection in salivary gland homogenates and serum
Blood was collected by heart puncture immediately post-mortem, left to clot on ice for 3 hours and centrifuged at 2,500 x g for 25 minutes at 4°C to obtain serum. Levels of interleukin (IL)-1β, IL-2, IL-4, IL-6, IL-10, IL-12/IL-23p40, IL-17, IL-18, IL-23p19, interferon (IFN)γ, TNFα and transforming growth factor (TGF)β were measured in serum and SG homogenates using a multiplex sandwich ELISA (Aushon Biosystems, Billerica, MA, USA). This assay does not distinguish between the p40 subunit of IL-12 and IL-23, or free p40. Results for SG homogenates were corrected for protein concentration.
Duplicates for each sample were tested in three dilutions and the mean values of the duplicates from every optimal dilution were reported. Detection levels (pg/mL) were for IL-1β and TNFα >0. 
statistical analysis
Data were described as mean ± standard deviation (SD), and displayed in dot plots with individual values for each mouse and a mean (line) or in bar graphs with mean ± SD. A one-way ANOVA was used to detect differences within the groups for the various ages followed by a post- resuLts salivary flow rate of nod mice is decreased after 16 weeks of age
The progressive loss of salivary function in NOD mice starts between 12 and 24 weeks [10] [11] [12] . To determine when salivary function declines at our facility, stimulated SFR was measured at age 8, 12, 16 and 20 weeks. As shown in Figure 1A , at 8 weeks, SFR (mean ± SD) -corrected for body weight (μl/gram body weight*20 minutes)-for NOD and CB6 mice was similar, at and had significantly increased more than 50% by 12 weeks in both mouse strains (from 3.3 ± 1.4 to 5.3 ± 1.2 and from 2.6 ± 1.1 to 4.3 ± 1.8 for CB6 and NOD mice, respectively). At 16 and 20 weeks, NOD mice showed a significant decrease in SFR to a level which was comparable to 8-week-old mice (2.5 ± 1.4 and 2.6 ± 1.5 respectively). In contrast, SFR was unaltered in CB6 mice after 12 weeks. As was previously described 17 , the decline in SFR was independent of diabetic state (data not shown).
altered salivary sodium levels in saliva of nod mice Saliva is initially produced as an isotonic solution by acinar cells. During transportation through the ducts, sodium is actively reabsorbed by the ductal epithelium, resulting in a hypotonic solution by the time the saliva reaches the oral cavity 18 . In the healthy gland, a lower SFR results in a lower salivary sodium concentration 54 , due to prolonged exposure of the saliva to the epithelial sodium channel ENaC in the apical membrane of ductal epithelium 19 . In SGs of SS patients, sodium reabsorption is disturbed and A B saliva, despite the lower SFR, has a relatively high sodium content, indicating ductal cell dysfunction. This parameter can be used as an indirect indicator for inflammation of the ductal epithelium and can aid the diagnosis of SS 20 . We tested saliva from NOD and CB6 mice for sodium content, corrected for SFR. Overall, sodium levels (mean ± SD, mmol/SFR) of CB6 mice slightly decreased over time, reaching significance at 20 weeks (27.4 ± 8.4, 21.6 ± 13.4, 17.5 ± 6.5 and 14.8 ± 5.1 for 8, 12, 16 and 20 weeks, respectively). The sodium levels of NOD mice showed a different pattern: the sodium concentration at 8 weeks was significantly higher in NOD than in CB6 mice, but at 12 weeks, had dropped to the same level as that of CB6 mice (27. Figure 1B) . the focus score of nod mice increases with age, but does not correlate with salivary flow rate
The major histological hallmark of SS is the presence of clustered lymphocytic infiltrates in the SG, which are thought to progressively increase in number, size and organisation 21 . Occasionally, focal infiltrates can be found in the major and minor SGs of healthy individuals [22] [23] . Non-autoimmune prone mice only sporadically develop small non-focal infiltrates regardless of age [11] [12] 17 and the CB6 mice in our study did not show any other sign of disturbed SG physiology. Therefore, we continued with the analysis of SG inflammation and infiltrating cells of NOD mice only. The majority (5/8) of 8-week-old NOD mice did not have focal infiltrates, whereas at the age of 12 weeks, all mice did. The FS (mean ± SD) was 0.9 ± 1.3, 2.1 ± 1.0, 2.8 ± 0.9 and finally increased to 3.5 ± 1.5 at 8, 12, 16 and 20 weeks, respectively. Compared with 8-weekold mice, mice at 16 and 20 weeks displayed significantly more infiltrates (Figure 2A) . The relationship between SG inflammation and dysfunction in SS is complex. Although an FS of ≥1 and objective SG dysfunction in humans makes the diagnosis of SS very likely 24 , severely reduced salivary output can be seen in patients with only minor infiltration of the gland and vice versa 25 . Moreover, in NOD mice secretory function can abruptly deteriorate without obvious inflammatory progression 12 . As in human subjects, the FS of the NOD mice also did not correlate with SFR, confirming no direct correlation with the extent of focal glandular inflammation and the volume of stimulated saliva ( Figure 2B ).
focal inflammation of the salivary gland is preceded by the presence of macrophages and is quickly followed by a massive influx of t, B and other immune cells
Assessing the sequence of inflammatory processes in humans requires longitudinal follow-up with frequent, repetitive SG biopsies, which can lead to practical and/or ethical objections. In NOD mice, the order of cell influx and the composition of infiltrates at different disease stages can be studied. Immunohistochemical staining for different immune cell types showed that SGs of 8-week-old NOD mice without focal infiltrates contained a considerable amount of CD68 + monocytes/macrophages ( Figure 3A and B). Staining for this cell marker was significantly elevated when infiltrates were present in all mice (12 weeks), but did not increase thereafter ( Figure 3B ). Other immune cells detectable at the age of 8 weeks were CD138 + plasma cells, found distributed throughout the tissue with a preference for periductual tissue, and CD49b + NK cells that were found sparsely distributed throughout the tissue ( Figure 3A) 16 weeks, but at 20 weeks, showed a reduction trend to the 12-week level (p = 0.06; Figure 3B ).
increased Baff, cd40 and icam-1 levels in salivary glands of nod mice
The cytokine BAFF is aberrantly expressed in SGs of SS patients 26 . It is thought that BAFF is important in ectopic germinal centre formation and may contribute to lymphomagenesis, but data are still inconclusive [27] [28] [29] . In 8-week-old NOD mice, low levels of BAFF were detected, confined to the ductal epithelium. When foci had formed, BAFF was seen in the infiltrating cells and this expression was higher for 3 out of 4 mice at 20 weeks compared with 16 weeks. In the ductal epithelium, expression levels (mean ± SD, IOD/mm 2 ) remained stable up to 16 weeks until an increase was CD40 and ICAM-1 are also overexpressed in SS patients' SGs [30] [31] [32] . These integral membrane proteins function as co-stimulatory molecules, and ICAM-1 has an important role in adhesion and migration of lymphocytes in(to) the inflammatory milieu as well. Both immunomodulatory molecules are involved in the autoimmune pathogenesis of many diseases, including rheumatoid arthritis (RA), systemic lupus erythematosus (SLE) and SS (reviewed in [33] [34] ). In NOD mice, ICAM-1 was present in ductal epithelial and endothelial cells at 8 weeks, before infiltrates were detected, and expression was significantly increased both in epithelium and in scattered infiltrating cells appearing throughout the tissue at 12 weeks ( Figure 3C ). Within foci, ICAM-1 was found highly and stably expressed on the infiltrating cells through 20 weeks. In contrast, specific CD40 staining could not be detected in adjacent tissue at the age of 8 weeks, but this marker was clearly expressed from 12 weeks and onward, mostly in infiltrates. Individual mice showed higher CD40 staining at 12 weeks compared with 8 weeks, but this increase was not significant (p = 0.10; Figure 3C and D). Many pro-inflammatory cytokines are found to be upregulated in SGs of SS patients compared with healthy controls and anti-inflammatory cytokines are mostly absent or expressed at low levels (reviewed in 35 ). We measured SG levels of different classical and novel pro-and anti-inflammatory cytokines in NOD mice at age 8 (only mice without SG infiltrates), 12, 16 and 20 weeks. At 8 weeks, pro-and anti-inflammatory cytokines could be detected in the SG homogenates, but they revealed different expression patterns during follow-up. The pro-inflammatory cytokines IFNγ, IL-1β, IL-2 and IL-23p19 showed an overall decrease over time. IL-12/IL-23p40 levels increased up to 16 weeks, but at 20 weeks, 4 out of 5 mice had levels comparable to 12 weeks. Mean levels of the other pro-inflammatory cytokines IL-6, IL-17, IL-18 and TNFα, and anti-inflammatory TGFβ remained stable (data not shown). Typical Th2 cytokines IL-4 and IL-10 also exhibited a constant mean expression level ( Figure 4A ).
In contrast to local SG expression, most cytokines could not be detected above threshold in serum of the same NOD mice. At 8 weeks, only serum levels (mean ± SD, pg/mL) of IL-12/IL-23p40 (46.4 ± 17.0), IL-18 (630.3 ± 133.0) and TGFβ (623.9 ± 266.6) were measurable. The mean levels of these cytokines did not change significantly over time, although 4 out of 5 mice showed higher systemic IL-18 levels by week 20 (mean ± SD of all five mice, 2414.0 ± 2128.6). None of the cytokines, measured in SG or serum, was correlated with SFR or FS (data not shown).
th1 and th2 responses are not mutually exclusive in salivary glands of nod mice A Th1 type immune response, or cellular response, is characterised by high levels of IFNγ, whereas high levels of IL-4 and IL-10 mark the Th2 type, or humoral, response. In SS, activation of B cells and elevated immunoglobulin production are seen concomitantly with high IFNγ levels, indicating both Th1 and Th2 type responses (reviewed in 35 ). We analysed the correlation of IFNγ with IL-10 or IL-4 in the SGs of NOD mice of all ages, and found simultaneous activation of Th1 and Th2 type responses ( Figure 4B ). discussion SS is a common, but poorly understood, heterogeneous autoimmune disease for which there is currently no adequate treatment. Several therapies that were effective in other autoimmune diseases have failed for SS, e.g., TNF inhibitors for RA. Identification of new therapeutic targets is essential and finding a successful treatment will benefit from a better understanding of the pathological process(es). Since patients are often diagnosed when loss of salivary function and focal infiltration is already present, little is known about the early stages of the disease, impeding the development of new treatments. Mouse strains that either spontaneously or after experimental induction develop an SS-like phenotype provide models to study the disease parameters longitudinally. The NOD mouse is an especially useful model to study SG inflammation, since its infiltrates resemble those in humans, and it also . We performed an extensive, descriptive study of the disease progression from before symptom onset to secretory dysfunction and focal SG inflammation in NOD mice, and focused on salivary output and content, SG focal infiltrates and their cellular composition, and expression of local cytokines and co-stimulatory molecules.
Between 8 and 12 weeks, both NOD and the healthy control mice showed a significant increase in stimulated salivary output. The reason for this rise in SFR was not studied herein, but is possibly due to not fully developed responsiveness to secretagogues, such as pilocarpine, at an early age. Interestingly, despite a similar SFR at 8 weeks, saliva of NOD mice contained significantly higher sodium levels, which normalised to age-matched CB6 mice levels at 12 weeks, but thereafter increased again. Elevated sodium levels were also found in submandibular and parotid saliva of SS patients compared with healthy controls 36 ; treatment with rituximab normalised sodium levels concomitant with improved histology of the SGs 37 . Since saliva can be acquired non-invasively, the measurement of sodium levels in humans and mice may provide a useful tool in determining disease status and the effect of treatment. The elevated sodium levels in 8-week-old NOD mice indicate epithelial dysfunction despite a normal SFR. At this age, focal infiltrates were not present in most mice, but we found markedly raised levels of the pro-inflammatory cytokines IFNγ, IL-1β, IL-2 and IL-23p19 in the gland. Additionally, we observed upregulation of ICAM-1 on SG ducts and endothelium at 8 weeks, suggesting an active role for epithelium in the early stages of inflammation. These events may have caused or contributed to the impaired Na + reabsorption by the ducts. Support for this hypothesis can be found, for instance, in the fact that IL-2 treatment in cancer patients resulted in mucositis, reduced SFR and high salivary sodium levels 38 , and in vitro stimulation of human SG cells with IFNγ and TNFα led to altered calcium signalling 39 , which illustrates the glandular epithelium's sensitivity to certain cytokines. The early presence of these inflammatory markers and high sodium levels could be the result of a (sub)clinical infection of the ductal epithelium that may be cleared by 12 weeks (based on the normalised sodium levels and reduction of many pro-inflammatory cytokines), followed by the triggering of an (auto)immune response. It could also be due to the emergence of autoantigens based on early developmental disorders of the SGs 40 leading to the production of (a variety of) autoantibodies. In this study, we did not assess the autoantibodies anti-Ro and -La commonly found in SS, as the penetrance of this feature is highly variable in NOD mice. Previously, we (unpublished observations) and others 41 found no or only low serum levels, making it unlikely that these autoantibodies contribute significantly to disease progression in this mouse model. However, it cannot be ruled out that other less commonly studied autoantibodies, such as anti-muscarinic receptor and anti-carbonic anhydrase antibodies, play a role in the late(r) stage disease. They may provide an explanation for disease progression despite overall reduction of many pro-inflammatory cytokines. Studying these phenomena could yield clues about the development of SS in humans.
The aetiology and pathogenesis of the salivary hypofunction in SS are still elusive. It has become apparent that the observed immune cell infiltration cannot be the only cause of dysfunction; the reduction in SFR does not always correlate with the degree of SG inflammation, as measured by FS, in SS patients 21, 25 . The same holds true for the NOD mouse model. NOD-SCID mice, for example, developed SG dysfunction despite the absence of focal infiltrates 42 . Moreover, abnormalities in salivary control and signal transduction can be seen prior to focal inflammation and salivary volume decline 11, 42 , illustrating an uncoupling of focal infiltrates and decreased SFR. Comparable with a previous report on NOD mice 12 , we observed an increase in inflammation at 12 weeksbased on FS and numbers of infiltrating immune cells-before an SFR decrease and salivary sodium concentration increase at 16 weeks took place without any further dramatic inflammatory changes; no relationship was found between FS and SFR. These data confirm the complexity of salivary flow and inflammation. Interestingly, although no correlation between SFR and SG cytokine levels was observed, expression of subunit p40, but not p19, peaked at 16 weeks, indicating that IL-12 may contribute to the decline in SFR. This is also illustrated by IL-12 transgenic mice, which showed reduced SFRs compared with wild-type mice 43 . Taken together, the possible role of IL-12 and/or the p40 subunit in salivary dysfunction needs to be further explored.
Relatively high levels of pro-and anti-inflammatory cytokines were seen at 8 weeks, which, except for IL-12/IL-23p40 and BAFF, diminished with age and progression of microscopic inflammation. Since lymphocytes had not yet infiltrated the gland of these mice, two other possible cytokine producers emerge: the numerous CD68 + monocytes/ macrophages, which we and others 44 found, and/or the activated epithelial cells. Macrophages are potent cytokine secretors under inflammatory circumstances 45 , and SG epithelial cells in SS are known as important contributors to and orchestrators of the local autoimmune process 46 . Additional double staining for cytokines and cellular markers, or laser capture microscopy followed by microarray analysis could identify the responsible cell(s), and further studies regarding this research will be set up in our department.
The onset of the SS-like disease in the inbred NOD mouse strain varies, possibly due to environmental factors 47 . We and other authors found some focal infiltrates from the age of 8 weeks onward 12 , whereas others only detected sporadic infiltrates at 16 weeks 11 . In addition, we did not detect CD11c + dendritic cells at 8 weeks, which is in contrast to van Blokland et al. who observed these cells already at 5 weeks 44 . This variation may be explained by the fact that the mice of van Blokland et al. were bred in their own facility, while our mice were purchased directly from a supplier. Differences in food, water content and/or the presence of pathogens in the housing facility may be involved as well. Exploring these diversities in disease presentation and the relation with the environment may give us interesting insights in SS, which also varies in its presentation.
B cell-targeting therapy has shown promising results in clinical trials with SS patients with some residual SG function 48 , indicating a significant role for B cells in this disease and the importance of timing of therapy. At 12 weeks, B cells were already prominent in SG lesions of NOD mice. At the same age we also detected the expression of BAFF, a cytokine important in B cell survival and stimulation, in the foci. BAFF transgenic mice exhibit B cell hyperplasia and hyperglobulinaemia resembling 50 and a loss of SFR 51 . Local BAFF expression in our NOD mice showed a dichotomous progression: a steady expression of BAFF once the infiltrates were present versus a seemingly abrupt increase in ductal tissue at 20 weeks of age. This finding was rather unexpected, as BAFF is produced by epithelial cells in the initial (triggering) phase of innate immunity and forms a link with the adaptive immunity 52 and this late change in epithelial BAFF has not been reported in SS patients; in fact, epithelial BAFF was found to be similar for healthy controls and SS patients 26 . Interestingly, epithelial BAFF augmentation at 20 weeks coincided with increases in IgD and CD138 staining, but not with CD19, indicating epithelial BAFF might be involved in specific recruitment and/or local differentiation of mature B and plasma cells in NOD mice. We did not assess BAFF expression in CB6 mice and it can therefore not be ruled out that this increase is related to something else than an SS-like phenomenon, e.g., aging. Whether epithelial BAFF expression develops similarly in human subjects will also have to be further examined.
With immunohistochemistry and digital image analysis, it is technically difficult to identify and count individual cells in foci, where many cells are packed closely together. We therefore chose to assess and compare the staining intensity instead of the cell count, which would have led to an underestimation of the numbers of cells. Although staining intensity can differ depending on the used primary antibody and additional amplification, we believe that a temporal comparison for each of the cell type markers is valid. One of the other limitations of our study is the relatively small number of mice per group, which may have restricted the statistical power. In addition, we did not study the expression of SG inflammatory parameters in CB6 mice. However, based on the data presented herein, we suggest that the next step should be exploring the (timely) modulation of local expression of ICAM-1, BAFF, IL-12 and/ or recruitment of macrophages in NOD mice. We are currently examining the use of local gene therapy to address some of these factors and have recently shown that interfering with the ICAM-1-ligand interaction early in the disease resulted in a lower FS, whereas later intervention led to increased CD4 + and CD8 + T cell numbers in the gland 53 . Translating results of animal models to the clinic requires careful considerations, but several therapeutic options are already available. Belimumab (an anti-BAFF fully human monoclonal antibody) is on the market for SLE and phase II clinical trials for SS are ongoing; atacicept (a soluble receptor that binds and neutralises BAFF and a proliferation inducing ligand (APRIL) is being investigated in phase II/III studies for SLE (http://clinicaltrials.gov, NCT00732940); and ustekinumab (an anti-IL-12/IL23p40 human monoclonal antibody) has been approved for psoriasis, while phase III trials for psoriatic arthritis are currently being undertaken (http://clinicaltrials.gov, NCT01009086).
In conclusion, our observations confirm the notion that SS-like disease in NOD mice develops in multiple stages: initially, macrophages infiltrate the SG when epithelium is activated as indicated by ICAM-1 expression and high levels of salivary sodium and pro-and anti-inflammatory cytokines; second, there is an influx of other immune cells that seemingly quickly assemble into focal infiltrates; and in the last phase, salivary secretion declines while local IL-12/IL-23p40 levels peak and epithelial BAFF increases. 
